Abstract-The high complexity of cortical convolutions in humans is very challenging both for engineers to measure and compare it, and for biologists and physicians to understand it. In this paper, we propose a surface-based method for the quantification of cortical gyrification. Our method uses accurate 3-D cortical reconstruction and computes local measurements of gyrification at thousands of points over the whole cortical surface. The potential of our method to identify and localize precisely gyral abnormalities is illustrated by a clinical study on a group of children affected by 22q11 Deletion Syndrome, compared to control individuals.
orders. For example, it has been suggested that increased gyrification in Williams syndrome relies on a developmental arrest due to microvascular infarcts during early cortical development [15] . Altogether, these findings suggest that cortical complexity subtly reflects underlying biological processes associated with normal or abnormal cognitive functioning. Therefore, the development of reliable and precise algorithms to study gyrification is certainly key in our future understanding of normal and abnormal brain development.
Initial moves to assess cortical complexity were made in the second half of the twentieth century by comparative neuroanatomists, who had observed that an increase in the cortical area during mammalian evolution was accompanied by an increase in folding [21] , [22] . They proposed the use of a simple zero-order surface ratio to quantify cortical folding. The Gyrification Index (GI) was defined as the ratio of the total folded cortical surface over the perimeter of the brain, delineated on 2-D coronal sections [23] . Because of its easy interpretation and its simplicity in implementation, many studies have been conducted using the Gyrification Index to identify abnormal cortical complexity in neurodevelopmental and psychiatric disorders [8] [9] [10] , [12] , [14] [15] [16] , [24] , [25] . However, dissent regarding traditional methodological usage of the Gyrification Index remains a major issue. First, surfaces are delineated on coronal sections, which do not take into account the inherent 3-D nature of the cortical surface. Perimeter measurements may be biased by slice orientation, and buried sulci cannot always be included. Also, the precise localization of gyral anomalies in sublobar regions is not possible in 2-D slices. Last but not least, most studies (except [14] , [15] , [26] ) used manual delineation of the contours, which raises the question of reliability and reproducibility in the context of large-scale studies. Recently, there have been some attempts to adapt the Gyrification Index to a fully automated 2-D method [27] . Technological developments now provide high quality 3-D reconstructions of the cortex (e.g., FreeSurfer [28] or SureFit [29] ). The use of 3-D reconstruction overcomes the problems caused by manual tracing, as well as the problem of buried sulci. To date, attempts to advance a 3-D extension of the Gyrification Index were either global [30] or based on sulcal regions of interest [31] . As the cortex is thought to grow by radial expansion [32] , a 3-D approach of the Gyrification Index that is not restrained by the sulcal walls would be of great interest in specifying the regions of abnormal cortical expansion associated with specific pathological conditions.
In this paper, we present a new method to quantify and compare local cortical gyrification at thousands of points over the whole hemisphere. Our local 3-D Gyrification Index ( GI) measures the amount of cortical surface invaginated in the sulci, Fig. 1 . Illustration of the 2-D Gyrification Index as originally described by Zilles [23] (figure from [14] ). GI is classically computed on coronal sections, after volume realignment in the AC-PC plane, as the ratio of the pial perimeter (in white) over the outer perimeter (in gray).
in circular regions of interest. We tested the potential of our method to identify and localize subtle gyral anomalies, by conducting a group comparison between 12 girls affected by 22q11 Deletion Syndrome, a neurodevelopmental condition of genetic origin [33] , and 12 typically developing children matched for age (girls only, mean age ). The rest of this paper is organized as follows. In Section II, we introduce the new method for quantifying the local Gyrification Index ( GI). Section III presents a clinical implementation of the method based on 24 young girls. Finally, in Section IV, we briefly discuss the results of our statistical analysis, and develop the relationship between GI and the other methods for measuring cortical shape.
II. A NEW SURFACE-BASED METHOD FOR QUANTIFYING LOCAL GYRIFICATION
The Gyrification Index is commonly computed on coronal sections using the following equation [23] : (1) where indexes the slice, is the pial cortical perimeter of slice is the outer perimeter of slice is slice thickness, and is the number of slices in the image (see Fig. 1 ).
A. Three-Dimensional Extension of GI
We first extend the Gyrification Index in a 3-D space, using the areas of cortical mesh models instead of perimeters. In our implementation using mesh models with triangular faces, the following equation replaces the classical 2-D GI: (2) where and are the area of the face in the 3-D mesh of the pial surface and of the outer surface, respectively, and and are the total number of faces in the pial and outer mesh, respectively. In order to compute the outer surface, Batchelor [30] proposed the use of the convex hull of the pial surface. However, as mentioned in [35] and [36] , the convex hull is not really an accurate representation of the envelope of the brain, because it does not adhere to the hemisphere. That is why Batchelor called it a convexity ratio and not a 3-D-Gyrification Index [30] . The minimal value for the convexity ratio correspond a smooth and perfectly convex object (i.e., convexity ratio equal to 1). We want the 3-D-Gyrification Index to be minimal for a smooth object having the same general shape as the hemisphere (i.e., with no sulci). Therefore, the outer surface was specifically reconstructed for that purpose. The following section presents the surface reconstruction process. The whole process is summarized in Fig. 2 .
1) Pial Surface:
The pial cortical surface is first reconstructed in 3-D space, with a submillimeter accuracy. In our work, this is done using the FreeSurfer [28] software that subdivides the process into several subtasks.
First, the intensity of the original medical resonance imaging (MRI) is normalized and voxels not considered as brain tissue are removed using a "skull-stripping" procedure. Second, brain tissue segmentation is completed, based on intensity information, on the laminar structure of the gray-white matter interface [28] and on an automated atlas-based subcortical masking [37] . The segmentation process thus results in a single filled white matter volume for each hemisphere, which is covered with a triangular tessellation (white surface). Then, this initial tessellation is repositioned using a deformable surface algorithm that minimizes an energy term guided by local MRI intensity values [38] , resulting in two smoothed tessellated cortical hemispheres. Finally, the same surface deformation algorithm is applied from the white surface toward the gray matter-CSF interface, resulting in the pial surface. Moreover, the self-intersection in the surfaces is prevented [38] . The white matter and pial surfaces are careful inspected, and topological defects resulting in inaccurate or nonspherical surfaces are removed manually. The resulting pial surface is derived from the white surface with a point-to-point correspondence [28] , and is topologically correct with no self-intersection [39] . For these reasons, 3-D reconstructions of the cortical surface cope more successfully with the problem of buried sulci than 2-D perimeters, which are not continuous and have no correspondence between the inner and outer faces of the cortical mantle.
At this point, a 3-D mesh of the pial surface consisting of vertices, with an average face area of 0.5 mm , becomes available and its envelope (outer surface) needs to be computed.
2) Outer Surface: As proposed in [35] and [36] , an outer hull tightly warping the pial surface can be efficiently computed using a morphological closing operation. For this purpose, we first convert the pial mesh into a binary volume, and then close the sulci using a sphere of 15 mm diameter as the structural element. The diameter of 15 mm was experimentally chosen in that it closes the main sulci. Kao et al. [35] used 10 mm, but observed in their experiment that a 50% increase or decrease in At this point, a global 3-D extension of the Gyrification Index can be computed using (2) . The main purpose of this work is, however, to propose a local measurement of the Gyrification Index, which we set out in detail in the following section.
B. Local Gyrification Measurements for Each Vertex of the Outer Surface
In 2005 [31] , Rettmann proposed a local Gyrification Index based on sulcal regions of interest, with the purpose of quantifying the local amount of cortex buried within the sulcal folds, in specific sulcal regions. This measurement is an interesting localized variation of the 3-D Gyrification Index, but remains constrained in areas defined by the sulcal walls. Thus, sulcal-based GI depends heavily on accurate and robust sulcal segmentation, and could be related to a sulcal depth measurement. We propose a local Gyrification Index measurement, that we here denote GI, which is not constrained by the sulci. The GI at a given point on the cortical surface is computed as the ratio between the surface of a circular region of interest on the outer surface, centered at this point, and the surface of the corresponding region of interest on the pial surface. At each point on the outer surface, it reflects the amount of cortex buried within the sulcal folds in the surrounding area. Formally
• is the area of the face of the outer surface. The surface of the region of interest ROI on the outer surface is calculated as the sum of those areas for all faces comprised in the intersection of the outer surface with a sphere centered on vertex of the outer surface with a radius .
• is the area of the face of the pial surface. The surface of the region of interest ROI on the pial surface is calculated as the sum of those areas for all faces belonging to the corresponding pial region of interest . The correspondence between the regions of interest on the outer (ROI ) and pial (ROI ) surfaces is described in the following section.
1) ROI on the Outer Surface, ROI :
For each vertex of the outer envelope, we define a circular region of interest through the intersection of the outer surface with a sphere centered on with a radius [ Fig. 3(a) ]. To set this radius, we specifically kept in mind that its diameter has to remain larger than the gyral width, so that it can take into account more than one sulcus at a time. Based on visual inspection, we first choose a radius of 25 mm for the GI calculation, as it integrates an appropriate number of sulci but still allows for an accurate localization in sublobar regions [see Fig. 3 (c)-(e)]. In a second time, we tested the effect of different radii on GI measurements; the results of this analysis are presented in Section II-D.
2) Region of Interest on the Pial Surface, ROI : For each ROI , we define a corresponding area ROI on the pial surface. First, we isolate the vertices of the outer surface that are situated on the perimeter of the ROI [ Fig. 3(b) ]. To avoid redundancies, we retain only one fifth of the vertices situated on the perimeter of the ROI . Then, we find the vertices of the pial mesh that are closest to each of the outer perimeter's selected points [ Fig. 3(c) ]. The vertices defined on the pial mesh at that point are considered as the perimeter of the future ROI . In order to close the pial ROI, the vertices are linked via the geodesic path 1 between them [ Fig. 3(d) ]. The ROI comprises all the faces of the pial mesh contained within the resulting closed path [ Fig. 3(e) ]. Thus, the ROI considers the full depth and width of all the sulci opening at the brain surface in the perimeter defined by the ROI .
At this point, GI value is computed for each of the vertex of the outer surface according to the (3).
C. Cortical Maps of GI
In order to obtain cortical maps of local gyrification for subsequent statistical comparisons, we propagate the GI values from the outer mesh to the pial mesh. Accurate comparison of any Fig. 3 . Illustration of the different steps for lGI computation. In the upper row, the creation of the outer region of interest ROI is shown on the outer surface (red); in the lower row, the creation of the pial region of interest ROI on the pial surface (blue) is illustrated. In (a), a sphere S (v ; r) centered on v of radius r = 25 mm is plotted on the outer surface (red). The intersection between the outer surface S and the sphere defines the outer region of interest ROI (b in blue). The perimeter of the ROI is delineated in blue in (c). In (d), the points of the pial surface (blue) corresponding to the ROI perimeter are highlighted in red. Linking of these points is achieved through the geodesic path between them, resulting in the ROI perimeter (in red, in e). The faces of the pial mesh enclosed by the ROI perimeter define the pial region of interest. Finally, the lGI value attributed to the vertex v (b, red point) is computed as the ratio of the areas of both corresponding regions of interest.
cortical feature (i.e., cortical thickness, sulcal depth, gyrification, etc.) between two different subjects relies on a precise mapping between each cortical region in the brain of individual and a corresponding region in another. Surface-based registration using spherical coordinates system guided by sulcal aligment has proven its accuracy in localizing structural and functional features of the human cortex [40] . As the GI quantifies the spatial frequency and the depth of sulci, a precise intersubject registration based on sulcal patterns is crucial, to avoid differences in gyrification caused by misalignment. For this reason, we need to put the data back to the subject's own coordinate system, in other words we need pial cortical maps in which each vertex is attributed an GI value. The aim of the propagation is to redistribute GI values to the pial surface, with respect to their prior involvement in the whole computational process. Each vertex of the pial surface will receive a weighted part of the GI value for which he contributed to, weighting being inversely proportionate to the distance between the and the normal axis to the outer surface at the vertex at which GI was measured (the center of the outer ROI). Mathematically (4) where the sum is taken over all GI values associated with in which the vertex of the pial surface was considered; is the local GI as defined in (3) at the vertex belonging to the outer surface , and is the distance from the vertex to the normal axis X of the vertex . Note that (5)
D. Effect of the Sphere Radius on the GI Cortical Maps
As expected, the individual variance of the GI values plotted in Fig. 4 indicates that maximal values are located around the sylvian fissure. This major maximum reflects the large amount of insular cortex hidden within the sylvian fissure during early gyrogenesis. Using a radius of 20 or 25 mm, other (more moderate) local maxima are observed along the intraparietal sulcus, the superior temporal sulcus, and near the intersection of the parieto-occipital sulcus and the calcarine sulcus. Similar to the sylvian fissure, the other moderate maxima are located in sulci that are among the first to appear in the fetal cortex during development [41] , strengthening the hypothesis that GI may be closely tied to neural development. With larger radii, GI cortical maps are progressively smoothed; and the maxima on the lateral aspect of the hemisphere are diluted, resulting in a single large maximal convergence around the sylvian fissure. This convergence brings to mind images from Toro and Burnod's [42] . On the 20-mm color-coded cortical map, maximal lGI measurements are observed around the sylvian fissure, the intraparietal sulcus, the superior temporal sulcus and, on the medial view, at the intersection of the parieto-occipital with calcarine sulci). Those maxima are progressively smoothed by larger radii, so that only two diffuse maxima are visible with a 35 mm radius. The histograms resulting from larger radii show a concomitant evolution toward a Gaussian distribution of lGI values.
and Clouchoux et al. [43] work on parameterization of the cortical surface. Both group's attempts at registering cortical surfaces with minimal distortion suggest an orthogonal organization schema of cortical folding patterns, with the main sulci oriented in longitudinal and latitudinal directions around the insular pole and the central sulcus. Therefore, it is of developmental interest that cortical GI maps using a large radius also demonstrate convergence in the sylvian fissure. Given that our method aims to delineate local anomalies in gyrification, we use a more contrasted GI distribution for subsequent clinical analysis (a radius of 20 or 25 mm).
III. CLINICAL APPLICATION
22q11 Deletion syndrome (22q11DS) is a neurogenetic condition affecting one per 5000 live births [44] . Typical symptoms include physical anomalies [44] , [45] , cognitive impairment [46] , and psychiatric symptoms [46] , [47] .
Specifically, one-third of individuals affected will develop schizophrenia [47] , [48] , and 22q11DS is therefore considered as a genetic model for schizophrenia [49] . Cortical anomalies are thought to be key in the cognitive and psychiatric phenotype, as decreased cortical volume is classically observed [50] , [51] . Clinical observations reported severe cases of polymicrogyria mainly restricted to the frontal, parietal, and perisylvian regions [52] [53] [54] [55] [56] [57] , providing evidence that cortical morphology is altered in the syndrome. To complement these qualitative observations, we previously conducted a quantitative analysis [14] , using an automated algorithm for measuring the classical 2-D Gyrification Index [15] . In this earlier study, we identified decreased gyrification in the frontal and the parietal lobes of 37 patients with 22q11DS compared to 36 control subjects. We also observed that decreased Gyrification Index manifests with smaller gyri and shallower sulci in the patients' brain, so that reduced GI in 22q11DS may represent a mild cortical malfor- mation in a continuum toward the polymicrogyric appearance of the cortex reported in the most severely affected patients.
In the present study, we aimed at conducting a clinical validation of our new method in a syndrome where abnormal gyrification has been qualitatively and quantitatively reported. Measuring gyrification at thousands of points over the whole hemisphere, we postulate that GI will provide a more precise localization of the gyral anomalies in the brain of patients affected by 22q11 Deletion Syndrome.
A. Subjects and Imaging
As a preliminary study intended to test the GI method, the analysis is restricted to the right hemisphere on a small sample of individuals only. Also, in order to avoid potential confounding effects, we selected stringently our groups with regards to age and gender. The control group consisted of 12 typically developing girls with no history of neurological or psychiatric disorders and with an average age of years old, and a mean IQ of 113. The patient group comprised 12 girls affected by 22q11 Deletion Syndrome, with an average age of , and a mean IQ of 74. Written informed consent was received from all the parents of the subjects, in accordance with protocols approved by the Institutional Review Board of University of Geneva.
Cerebral T1-weighted MRIs were obtained using a Philips Intera 1.5 T scanner. Coronal images were acquired with a 3-D volumetric pulse sequence using the following scan parameters: ms, ms, cm mm, 124 slices. Cortical mesh models and local Gyrification Index at each vertex of the reconstructed surface were obtained according to the procedures described above. For GI calculations, we used a sphere radius of 25 mm.
B. Statistical Analysis
In order to compare the local value of the Gyrification Index obtained for each individual, the cortical surface was registered to an average spherical surface representation that optimally align sulcal and gyral features across subjects [38] , [40] . A study-specific template was created averaging the surfaces from the right hemisphere of the 24 subjects from our sample [40] . Data were then resampled for each participant into the common average spherical coordinate system aligning cortical folding patterns [38] , [40] . Smoothing of the data on the mesh employed an iterative nearest-neighbor averaging procedure with full-width at half-maximum (FWHM) of 10 mm. Statistical GI difference maps were created computing a general linear model to assess the effect of diagnosis on the local GI value at each vertex. Due to the severely restricted age range, age was not included as a variable in the general linear model. Correction for multiple comparison was done using a false discovery rate of 0.01 to set the significance threshold, corresponding to an uncorrected in our sample [58] .
C. Results
Fig . 5 shows the statistical comparison of the GI in the right hemisphere between 12 girls affected by 22q11 Deletion Syndrome and 12 typically developing girls. We observe a significant GI decrease in the parietal region of the 22q11DS affected patients, with a large cluster extending from the posterior cingulate into the precuneus on the medial aspect of the hemisphere, and a cluster around the postcentral sulcus on the lateral aspect. We also observe another cluster in the temporal lobe, around the medial and superior temporal sulci . There is no region of increased GI in 22q11DS individuals compared to control subjects. Fig. 6 provides a comparison between the average value of GI and the classical 2-D GI for all vertices over the right hemisphere. Mean 2-D-GI values for the right hemisphere are consistent with our previous study on a larger sample of individuals with 22q11DS [14] , no significant differences observed between groups . Perimeters measurements on coronal sections are sensitive to slice orientation [59] or may be biased by the difficulty to include buried sulci, resulting in a large variance in whole-hemisphere 2-D-GI measurements. Due to their large standard deviations, classical 2-D approaches for measuring Gyrification Index may not be appropriate for delineating group differences. However, the use of accurate 3-D cortical reconstruction drastically reduces the variance in these measurements, and we observe a significantly smaller average GI value in the right hemisphere of patients compared to controls .
IV. DISCUSSION

A. Clinical Results
The aim of the clinical study was to test the behavior of our local Gyrification Index on patients affected by 22q11 Deletion Syndrome. Radiologists reported several cases of polymicrogyria in the syndrome, affecting particularly the parietal, perisylvian, and frontal regions. The only quantitative study to date [14] uses automated delineations of contours on coronal sections [15] . In this study, we previously found a decreased Gyrification Index in the frontal and parietal lobes of patients as compared to those with normal development. Despite the small sample size of the current study, the present results using GI are able to replicate previous qualitative and quantitative observations of decreased cortical complexity. Further, our method provides a finer topological localization of the anomalies, previously observed in the whole right frontal and parietal lobes. Specifically, we find decreased gyrification in the parietal lobe in two constricted regions: on the medial face of the parietal lobe, and around the postcentral gyrus on the lateral face (see Fig. 5 ). Also, we observe decreased GI in the medial third of the temporal lobe, which was missed by 2-D algorithm. In the frontal lobe, we, however, do not replicate our previous finding of decreased cortical complexity in this small sample of young girls with 22q11 Deletion syndrome. The latter discrepancy may be related to differences in age, gender or sample size between the two studies.
Although the present study was intended as a proof-of-concept on a restricted sample of individuals, these preliminary results further define the pattern of cortical malformations associated with 22q11DS syndrome. Replication of the analyses on both hemispheres in a more diversified sample of patients will certainly help in the understanding of the biological basis associated with the cognitive and psychiatric phenotype of affected individuals.
B. Methods Measuring Cortical Complexity
Apart from the classical GI, many different approaches have been described to study the interindividual variability in sulcal patterns. We offer a brief overview of the most frequently used in clinical studies, from the most global to the more localized approaches, and consider elements of comparison between these methods and GI.
Fractal dimension (FD) has been proposed to provide global measurements of the cortical complexity based on a 3-D parametric mesh [60] or on a skeletonized binary volume [61] . Fractal dimension condenses information about the irregularity in the cortical shape over the whole hemisphere [7] , [61] , or in lobar regions [4] , [13] , [62] . FD is a compact measure that has been widely used to assess normal and abnormal brain development [7] , [61] , [63] [64] [65] . However, as recently discussed in [66] , concrete geometrical interpretation of fractal dimension remains challenging. Compared to FD, GI is also able to condense information about the frequency and depth of sulci, but is easier to interprete. GI quantifies the proportion of cortical area which is buried within the sulci in a given area, and therefore directly depends upon the amount and size of the sulci.
Other methods for assessing sulcal depth [17] , [67] , length [67] , width [17] , or asymmetry index [5] are grouped under the heading of sulcal morphometry. Sulci are classically identified with automated procedures using a congregation of neural networks [68] . Compared to sulcal morphometry, GI also reflects the sulcal conformation, but in a circular approach. Sulcal morphometry is based on the interesting idea that sulcal configuration can convey information about the early development of cortex. Analyses of sulcal pattern reveal the existence of "plis de passage," which are reminiscent of the first folds [69] . As the cortex grows primarily by radial expansion [32] , we postulate that GI is also able to reflect early cortical development, but in a different manner. Indeed, GI quantifies the excess or defect in cortical expansion in specific regions over the whole hemisphere.
More recently, a curvature-based approach has been proposed for estimating local gyrification at thousands of points over the entire cortical surface [6] , [70] . Smoothed absolute mean curvature quantifies the amount of local curvature on spherically-parameterized cortical mesh models. Among all the measurements of cortical complexity, smoothed absolute mean curvature is the closest to our algorithm. However, the essence of both measures differs, as can be illustrated using notions of differential geometry. Differential geometry is defined with respect to surfaces with zero-thickness, and thus may not Fig. 7 . Illustration of extrinsic and intrinsic properties of a surface using differential geometry. Extrinsic curvature refers to folding which is created with no distortion, as a sheet of paper that we can crumple. As illustrated by the triangle drawn on the left sheet, distances on the surface are not altered by bending; in other terms, extrinsic properties of a surface are not directly related to its area. Extrinsic curvature is measured mathematically using mean curvature, and directly characterizes the geometrical configuration of the surface in space. Intrinsic curvature denotes folding that has been created by distortion, or shearing, and is best understood using an example: folding a spherical surface without modifying its area is impossible. The figure on the right shows how the distortion of a sheet alters distances on its surface. Gaussian curvature measures the intrinsic curvature of a surface, in the sense that it captures the excess or deficit in the surface as compared to a plane at the point. (Adapted from [30] ).
always be appropriate to characterize the cortical shape. However, differential geometry has been widely used to understand more fully and characterize measures of cortical shape (see [30] , [71] [72] [73] ). Mathematically, differential geometry allows the distinction of two kinds of curvature: extrinsic or mean curvature, and intrinsic or Gaussian curvature (see Fig. 7 ). Smoothed absolute mean curvature [70] is characteristically an extrinsic measurement, highly dependent upon surface configuration. Gaussian curvature quantifies the excess of deficit in area as compared to a plane in the nearest neighborhood on each point of the surface. GI resembles Gaussian curvature, but covers a wider area of 50 mm diameter. GI would be an alternative surface-based measure of Gaussian curvature only if the ROI perimeter exactly superposes the ROI contour, but, nevertheless, the ratio GI provides similar information. Thus, the mathematics of curvature illustrates that smoothed absolute mean curvature and GI capture different properties of the cortical geometry smoothed absolute curvature typically measures the shape of the cortical surface, whereas GI conveys information about the underlying cortical area. Therefore, we postulate that GI reflects easily interpretable biological correlates, such as cortical volume, or neuronal number. It is however important to note that intrinsic and extrinsic properties of a surface may be hardly distinguishable for highly convoluted surfaces, so that smoothed absolute curvature and GI may be geometrically related in some way which is difficult to a priori infer. Recently, inspired by smoothed absolute curvature method, other curvature-based descriptors were proposed to characterize more precisely local shape and size of cortical complexity [74] . Future work will certainly be needed to propose an integrative interpretation of the increasing variety of cortical complexity measures, toward a better understanding of normal gyral conformation and a clear etiopathogenic approach of cortical malformations.
A last divergence between curvature-based methods and GI resides in the preprocessing of the images. To date, curvature-based approaches typically used affine transformation of the brain volume into the standard space of the International Consortium for Brain Mapping-305 (ICBM-305) average brain Fig. 8 . Schematic 2-D illustration of the variation in the area of the outer region of interest ROI . As the outer surface is not perfectly planar, the area delineated through the intersection of the outer surface (in light gray) with a sphere centered at v (gray point) of radius r is larger than the area of a circle having the same radius r. This results in slight variations in the area of the outer region of interest. However, we assume that these variations are negligible as compared to the area of the pial region of interest (in dark gray).
[75] prior to cortical mesh models reconstruction [6] , [70] , [74] , which may affect curvature measurements. In the current study, all the GI measurements were computed on cortical surfaces based on images in their native space. Independently of intersubject registration, the absence spatial normalization ensures that the observed differences are due to a real decrease in cortical area (related to diminished frequency and depth of sulci) rather than to an effect of scaling.
V. LIMITATIONS OF THE PRESENT STUDY
In the present study, we have proposed a new method for quantifying local gyrification, and promising results were shown. There are, however, some limitations in our approach. One limitation in our implementation of the GI is that the surface ratio is not measured on exactly the same outer area for each vertex. This means that we measure the amount of invaginated cortical surface in a slightly varying perimeter. In the present study, the ROI is obtained with the intersection of the outer surface with a sphere. As the outer surface is not planar, the resulting ROI area is not of exactly (Fig. 8) . Specifically, in regions of high curvature of the outer surface, such as those near to the superior sagittal sinus, the area of the ROI is larger. We tested the impact of such variations on two subjects in the study. We found a standard deviation of less than 7.5% of the mean ROI area value for all the vertices of the hemisphere. This corresponds to a circular region on the outer surface having a mean radius of 28.8 mm (instead of the 25 mm of our sphere), with the minimum found at 26.4 mm and the maximum at 32.2 mm. In comparison, the standard deviation for the pial region of interest is of 31.5% of the mean ROI area (corresponding to planar circular regions from 29 mm radius to 64.5 mm); we therefore assume that the slight variation in the ROI areas is negligible compared to the differences between the ROI and ROI areas.
The proposed approach requires a high amount of time to compute the GI evaluation for all the vertices. To compute each ROI perimeter, we first use the "Dijkstra" algorithm 1 to find the shortest geodesic path between the selected vertices. Then, the whole ROI enclosed by the perimeter is found using neighborhood information. Both perimeter delineation and ROI reconstruction are time consuming, but robust. Furthermore, our code is implemented in MATLAB, which is probably not the most suitable for computing so many loops. However, the present manuscript is intended to present a feasibility study, and future developments will include an optimization for the speeding-up of the computational process.
VI. CONCLUSION
In this paper, we presented a new method for quantifying the Gyrification Index with a fine topological resolution over the whole hemisphere. Using validated procedures for accurate cortical reconstructions, we first implemented an outer surface closely enveloping the hemisphere. Then, we proposed a new algorithm for measuring a local Gyrification Index at each vertex of the entire cortical surface. The outcome of our method suggests that the decreased cortical complexity reported in 22q11 Deletion Syndrome may be powered by restricted regions of abnormal cortical expansion mostly located in the parietal lobe and on the medial surface of the hemisphere.
